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Abstract: In a systematic study of molecular recognition of 
amino acid derivatives in solid-state β-cyclodextrin (β-CD) 
complexes, we have determined crystal structures for com-
plexes of β-cyclodextrin/N-acetyl-L-phenylalanine at 298 and 
20 K and for N-acetyl-D-phenylalanine at 298 K. The crys-
tal structures for the N-acetyl-L-phenylalanine complex pres-
ent disordered inclusion complexes for which the distribution of 
guest molecules at room temperature is not resolvable; how-
ever, they can be located with considerable confi dence at low 
temperature. In contrast, the complex with N-acetyl-D-phenyl-
alanine is well ordered at room temperature. The latter com-
plex presents an example of a complex in this series in which 
a water molecule is included deeply in the hydrophobic torus of 
the extended dimer host. In an effort to understand the mech-
anisms of molecular recognition giving rise to the dramatic dif-
ferences in crystallographic order in these crystal structures, 
we have examined the intermolecular interactions in detail and 
have examined insertion of the enantiomer of the D-complex 
into the chiral β-CD complex crystal lattice. 
Abbreviations: CD, cyclodextrin; Im, intermediate; N-Ac-L-F, 
N-acetyl-L-phenylalanine; N-Ac-D-F, N-acetyl-D-phenylalanine.
Chiral cyclodextrin (CD) hosts have been used extensively as models for investigating chiral and molecular recognition. So-
lution studies of CD inclusion complexes (1-3) and determination of 
binding constants (2), have provided thermodynamic data useful for 
chromatographic applications (4-8). In the solid phase, x-ray diffrac-
tion studies of inclusion complexes with chiral guest molecules can 
provide direct information regarding the mechanism of chiral recog-
nition. In the relatively few studies with native cyclodextrins, mixed 
results have been reported (9-15). The most complete studies are 
those in which structures are determined for complexes formed with 
both enantiomers separately and for the racemate (9-14). For exam-
ple, signifi cant discrimination was observed for the β-CD inclusion 
complex with (R,S)-fenoprofen (11) in the solid state, whereas there 
was no apparent discrimination for (R,S)-fl urbiprofen (9-14). These 
results and others suggest that features such as guest fi t to the cavity, 
solvent interactions, hydrogen bonding potential of the guest mole-
cules, and host crystal packing arrangement combine to play a signif-
icant role in chiral discrimination. 
We have initiated a study in which the crystal lattice of β-cy-
clodextrin complexes that crystallize in the intermediate (Im) pack-
ing motif (16-18) has been characterized as a binding pocket useful 
for the crystallographic study of structural aspects of molecular rec-
ognition at high resolution (19). Briefl y, the crystal lattice consists 
of close packed hydrogen bonded dimers of the host β-cyclodextrin 
molecules stacked, with an intervening layer of water molecules, 
along the a-axis. Typically two amino acid derivative guest mole-
cules are included in the extended torus of the host dimer. To differ-
ing extents, the more hydrophilic backbones of the guest molecules 
interact with water molecules between the sheets and, in most cas-
es, via bridging water molecules with hydroxyl moieties of cyclodex-
trins or other guests in the next layer. Examples of N-acetyl-L-phe-
nylalanine complexes with different backbone structures (19), with a 
modifi ed benzyl side chain (20) and for a single complex at different 
levels of kinetic energy, have been determined (J.L.C. and J.J.S., un-
published results). This report examines the application of the model 
for the study of chiral recognition. 
We report the crystal structures of β-CD/N-acetyl-L-phenylala-
nine (N-Ac-L-F) at 298 K and 20 K and the crystal structure of β-CD/
N-acetyl-D-phenylalanine (N-Ac-D-F) at 298 K. We examine distinct 
differences in the arrangement of the guest molecules, ordered and 
disordered, in the crystals. We also examine the incorporation of nu-
merous water of hydration molecules in the lattice and their hydro-
gen bonding interactions with both the CD host and the pseudo pep-
tide guests. Analyzing these interactions is expected to improve our 
understanding of chiral discrimination by β-CD in the solid state as 
well as to further our understanding of intermolecular interactions 
giving rise to chiral recognition in general. (This is paper no. 3 in the 
series “Molecular Recognition in Cyclodextrin Complexes of Amino 
Acid Derivatives.” Paper no. 2 is ref. 20.)
Experimental Procedures
Single crystals were grown by slow evaporation from an aqueous so-
lution. For data collection, crystals with approximate dimensions of 
0.2 × 0.5 × 0.5 mm3 were mounted with a small amount of moth-
er liquor in thin-walled glass capillaries and sealed. Data were col-
lected for the N-Ac-L-F complex at 298 K (room temperature) and 
at 20 K employing a specially designed Oxford Crysosystems He 
cryostat (Braintree, MA); data were collected for a crystal of the N-
Ac-D-F complex at room temperature. All diffraction measurements 
were conducted with graphite monochromated Ag Kα X-radiation 
(λ = 0.5608 Å) by using a Bruker AXS (Madison, WI) rotating an-
ode x-ray source; data were measured in oscillation scan mode with a 
MARResearch (Hamburg, Germany) (18 cm) imaging plate area de-
tector and processed by using the MARXDS program (21). Data collec-
tion and structure refi nement are characterized in Table 1. 
Initial phases were derived from isomorphous replacement of 
the β-CD coordinates from the thermodynamically stable n-propa-
nol complex (22, 23). Waters of hydration and guest sites were lo-
cated in difference electron density. Structural models were refi ned 
on F2 (Table 1) by using the SHELXL97 program library (24). All non-
hydrogen atoms of the cyclodextrin molecules and numerous water 
molecules were refi ned anisotropically. Where defi ned by the chem-
ical structure, hydrogen atoms were generated geometrically and 
fi xed as a riding model. When disorder was found for water mole-
cules or guest molecules, isotropic atomic displacement parameters 
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were used. Where necessary, disordered guest molecules were treat-
ed as rigid groups. Final (Fo – Fc) maps showed no distinct features.
 
Crystallographic data in .cif format are available from the Cambridge 
Crystallographic Data Center entries CCDC 181781-181783. 
To examine the stereochemistry of the enantiomeric substitution 
of the well ordered D-complex into the crystal lattice, the atomic co-
ordinates of the two N-Ac-D-F molecules and the associated water 
molecule in the torus were inverted (mathematically converted to N-
Ac-L-F) and, using the unit cell boundaries, translated into the “orig-
inal” unit cell. A second operation on this moiety involved rotating 
it 180° about an axis passing through the midpoint of the torus; the 
guests were shifted slightly to achieve acceptable contact distances 
within the torus. The atom numbering scheme* used here is closely 
correlated with those reported earlier for analogous complexes (19, 
20). 
Results and Discussion
Although the low temperature crystal structure determination dem-
onstrates that two guest molecules must be present in the crystals of 
CD/ N-Ac-L-F at 298 K, the electron density maps reveal only one. 
At 20 K, four disordered pairs of guest molecules, for which the to-
tal occupancy factors add to 1 in each host monomer, are indicated 
by the electron density; in contrast, the crystal structure for the β-CD/ 
N-Ac-D-F inclusion complex at 298 K reveals two unusually well or-
dered guest molecules and a water molecule included deeply in the 
torus of the face-to-face β-CD dimeric host (Fig. 1). Numerous wa-
ter of hydration molecules (≈ 20) are found in each structure. In all 
cases, guests pack with the phenyl rings positioned near the center of 
the dimer torus; the backbones for all of the N-Ac-L-F molecules ex-
tend across the β-CD primary face. It is noteworthy that the chemi-
cal structure of N-Ac-L-F is similar to N-acetyl-L-phenylalanine am-
ide, for which a room temperature crystal structure was reported ear-
lier (19). The guest molecules in the latter crystal structure at room 
temperature are considerably better ordered than those in the present 
crystal structures either at room temperature or at 20 K.  
* The naming scheme for β-CD/ N-Ac-D-F is as follows: residues (1)–
(14) are glucose residues for the β-CD dimer; residues O(15)–(44), 
O(62), and O(63) are waters of hydration; residues N-Ac-D-F (47) and 
N-Ac-D-F (51) are guests (OAc for acetyl oxygen, N for nitrogen, O and 
OH for acid oxygen atoms). Residues (1)–(44) are the same in the β-
CD/ N-Ac-L-F structure; N-Ac-L-F (47) and N-Ac-L-F (51) are guests 
(with the same atom naming scheme). 
Figure 1.   A stereoscopic projection of difference electron densi-
ty plots contoured at 0.45 e– • Å–3. The water of hydration molecules 
have been removed. In each host dimer, the upper cyclodextrin mono-
mer has been designated A, the lower one B. The subsequent fi t of 
guest molecules to the electron density is illustrated.
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The structural features that we believe are relevant to molecu-
lar recognition in these complexes are examined fi rst with respect to 
the positions of the guest molecules in the crystalline complex. The 
positions of the midpoints of the respective backbone atoms* from 
the closest C6 atom β-cyclodextrin plane provide an indication of the 
positions of the guest molecules in the host dimer (20). The respec-
tive values are as follows: (i) for N-Ac-D-F: A 3.34 Å and B 2.08 Å; 
(ii) for “probable” pairs in N-Ac-L-F: A1 –0.22 Å, B3 0.46 Å; A2 –
1.01, Å B2 0.88 Å; A3 0.48 Å, B1 1.05 Å; and A4 –.33 Å, B4 1.33 Å. 
These values demonstrate that the position of the guest molecules in 
N-Ac-D-F complex are shifted downward, i.e., toward the B mono-
mer signifi cantly farther than in any of the structures for phenylala-
nine derivatives. The backbone for one of the N-Ac-D-F molecules 
in the A pocket has its acetyl group “tucked” into the host cavity and 
hydrogen bonded to a water molecule that is also included in the to-
rus. 
Turning to the distribution of guest molecules in the two com-
plexes, the difference in guest order is one of the most striking fea-
tures in the two crystal structures; a second is the hydrogen bonded 
water molecule included in the torus for the D-enantiomer mentioned 
above. For a modifi ed amino acid complex with β-CD, the N-Ac-D-F 
guest molecules in this complex and the water molecule included in 
the torus are unusually well ordered; the included water molecule is 
more strongly hydrogen bonded to the carbonyl oxygen atom of the 
guest (dO···O = 2.79 Å) than
 to the secondary hydroxyl groups (3.12 
≤ dO···O
 ≤ 3.40 Å for the four closest neighbors). A difference electron 
density map (Fo – Fc) calculated with the guest molecules removed
 
shows no evidence for additional guest conformations or water mol-
ecules. In contrast, in the β-CD/ N-Ac-L-F complex crystal at 298 K, 
only one guest molecule, located in the B monomer, is well defi ned 
in an (Fo – Fc) map contoured at 0.45 e·Å
–3 (see Fig. 1); there is no 
clear evidence of a preferred conformation or location of included 
guest molecule(s) in the monomer A region of the complex. Cool-
ing a crystal of the complex to 20 K reveals electron densities indi-
cating four different disordered guest molecule sites per monomer—
resulting in four different probable pairs of guest molecules (Fig. 2) 
that are present with varying populations. Compared with the avail-
able low temperature structure, the guest molecule in the B pocket at 
room temperature appears to represent an average of two of the low 
temperature guest sites (B1 and B4). 
Whereas the crystals display the nearly isomorphous Im pack-
ing type found for N-acetyl-L-phenylalanine derivative complexes re-
ported earlier (refs. 19 and 20; J.L.C. and J.J.S., unpublished results), 
there are dramatic differences in the distribution of guest molecules 
in these two diasteromeric crystal structures. In the well-ordered β-
CD/ N-Ac-D-F complex, the guests pack with the phenyl rings in an 
edge-to-face arrangement, although not one particularly suitable for 
a C-H-π interaction. In the low temperature structure for the N-Ac-L-
F complex, a number of the guest pairs display geometry for varying 
degrees of π-π interactions. 
The hydrophilic interactions in the binding pocket model involve 
interactions with peptide derivative backbones, water molecules, and 
β-cyclodextrin hydroxyl groups. The backbone of guest molecule N-
Ac-D-F (B) extends completely outside of the torus, interacting with 
waters and neighboring CD primary hydroxyls. As discussed above, 
the guest molecule N-Ac-D-F (A) has its acetyl amide backbone fold-
ed in toward the center of the torus, displaying the rare interaction 
with a well ordered included water molecule (w62). The observation 
that its contact distances with secondary hydroxyl groups are long 
[Ow···OOH distances range from 3.13 and
 3.21 Å, respectively for res-
idues 11(O3) and 12(O2) (Fig. 3)] is taken as an indication that this 
water forms a packing entity with the amino acid derivative to ef-
fectively fi ll a portion of the nonconstraining extended torus of the 
host dimer. In the β-CD/ N-Ac-L-F complex at 20 K, all of the guest 
molecule backbones extend across the CD primary face; phenyl rings 
of probable pairs (color coded in Fig. 2) pack either in edge-to-face, 
edge-to-edge, or anti-parallel stacked arrangements. 
Because the hydrogen bond interactions between it and the sec-
ondary hydroxyl groups of the host are weak, the presence of water 
* A positive displacement for a guest in the A monomer indicates that 
the molecule is displaced toward the center of the β-CD dimer; for the 
B monomer, a positive value indicates that the guest molecule is dis-
placed toward the hydrophilic interlayer region of the crystal lattice.
Figure 3.   The probable hydrogen bonding scheme for the “binding 
pockets” in the Im crystal lattice for the N-acetyl-D-phenylalanine com-
plex at 298 K. The A and B labels correspond to the β-cyclodextrin 
monomers and indicate the “pocket” label. Water molecules that are 
relevant to the guest binding are represented as cyan colored spheres 
with black labels. The labeling scheme is that used in the reports for 
the crystal structures of the N-acetyl-L-phenylalanine methyl ester 
complex (19) the N-acetyl-L-phenylalanine amide complex (19), and 
the N-acetyl-L-p-methoxyphenylalanine methyl ester complex (20). 
Red numbers refer to either β-cyclodextrin primary hydroxyl groups 
(upper portion of the fi gure) or secondary hydroxyl groups (lower por-
tion of the fi gure). 
Figure 2.   A stereoscopic projection of the unit cell contents for the 
crystal structure of the 2:2 N-acetyl-L-phenylalanine/β-cyclodextrin 
complex at 20 K. Guest molecules believed to be present simultane-
ously are presented in like colors. The oxygen atoms of water of hy-
dration molecules are illustrated as red spheres. The A and B mono-
mers are labeled.
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molecule w62 in the torus of the crystal structure of the D-enantio-
mer is not likely to fully explain the difference in guest order in the 
two crystal structures. Therefore, an examination of the potential hy-
drogen bonding interactions with water molecules and neighboring 
cyclodextrin molecules (Figs. 3 and 4) is appropriate. The same four 
CD primary hydroxyls are involved in intermolecular H-bonding in 
each of these structures as in those reported earlier [O6(8)···O6(12) 
and O6(2)···O6(6)] (19, 20). These hydrogen bonds appear to be an 
integral component of the Im packing motif. Comparison of the H-
bonding interactions of the D-enantiomer at room temperature and 
of the L-enantiomer at low temperature with those reported for the 
structures of the L-enantiomers of the N-acetylphenylalanine methyl 
ester, the N-acetylphenylalanine amide, and the N-acetyl-p-methoxy-
phenylalanine methyl ester (19, 20) reveal a generally conserved net-
work, especially in the A pocket. The guest located in monomer A 
of the β-CD/ N-Ac-D-F complex interacts via oxygen OH(47) with 
water w31, a water commonly observed to interact with amino acid 
derivative guest molecules that display intermediate packing of the 
CD dimers. Waters w29 and w30 in the β-CD/ N-Ac-D-F complex B 
pocket are not conserved; however, a new water w63 is involved in 
a bridging H-bond from the carboxyl moiety of the guest in mono-
mer B and waters w38 and w44 at the interface to the A pocket. Pri-
mary hydroxyl 2 of an adjacent CD molecule is hydrogen bonded 
to the second oxygen of the carboxyl moiety of the guest in mono-
mer B in the D-enantiomer. This group forms a H-bond to the ace-
tyl oxygen atom in three of the four disordered guest molecules in 
the crystal structure with the L-enantiomer and to the analogous car-
boxyl moiety in the fourth example; in the other derivatives reported, 
it H-bonds to the acetyl oxygen atom. Interactions of the guest mol-
ecules in the A monomer of the 20 K β-CD/ N-Ac-L-F complex with 
the binding pocket are between the acetyl nitrogen atom and water 
w31. In three of the four disordered A monomer guest molecules, 
there is a H-bond interaction between water w40 and an oxygen of 
the carboxyl moiety; similar interactions are observed for the analo-
gous carbonyl moiety in the amide complex (19). As mentioned earli-
er, the crystal structure of the N-Ac-L-F NH2
 complex is much better 
ordered than the structurally similar N-Ac-L-F complex. The disorder 
precludes defi nitive analysis of the reasons for this difference; how-
ever, it seems appropriate to suggest that the resonance properties of 
the carboxylic acid moiety may be at least partially responsible. 
In the B monomer of the β-CD/ N-Ac-D-F complex, the acetyl 
oxygen OAc(47) interacts water w26a with primary hydroxyl O6(5), 
which is in a (+)-gauche conformation. This CD primary hydroxyl is 
commonly disordered in the amino acid derivative complexes previ-
ously reported, but, in this complex, only the one conformer is ob-
served. With these observations in mind, it appears that the unusual-
ly well ordered structure for the D-enantiomer complex results from 
a combination of effects: the presence of a water molecule in the to-
rus (W62), the presence of a bridging water molecule between the A 
and B binding pockets (W63), and the interaction via W26a with the 
Figure 4.   The probable hydrogen bonding scheme for the “binding pockets” in the Im crystal lattice for the N-acetyl-L-phenylalanine complex at 
20 K. Water molecules that are relevant to the guest binding are represented as cyan colored spheres with black labels; those that do not interact 
with the indicated guest molecules are shown as cyan plus signs. Guest molecules are labeled Ax and By, where A and B correspond to the β-cy-
clodextrin monomers and indicate the “pocket” label and x and y indicate guest labels in the .cif fi le. The numerical labeling scheme is that used in 
the reports for the crystal structures of the N-acetyl-L-phenylalanine methyl ester complex (19), the N-acetyl-L-phenylalanine amide complex (19), 
and the N-acetyl-L-p-methoxyphenylalanine methyl ester complex (20). Red numbers refer to either β-cyclodextrin primary hydroxyl groups (Upper 
portion of the fi gure) or secondary hydroxyl groups (Lower portion of the fi gure). 
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ordered primary hydroxyl O6(5) of a second neighboring CD mol-
ecule. It is also noteworthy that, as illustrated in Fig. 4, the guests 
in the B monomer in the low temperature β-CD/ N-Ac-L-F complex 
are involved in interactions with primary hydroxyls O6(2) and O6(5), 
along with several waters of hydration, but that, in all cases, the full 
hydrogen bonding capability of the carboxyl moiety is not used. 
This study indicates a dramatic difference in the recognition of 
the D- and L-enantiomers by the β-cyclodextrin host lattice. The ob-
servation that they crystallize in essentially isomorphous crystals 
but with greatly differing degrees of crystallographic order raises 
the question of whether or not the L-enantiomer can achieve pack-
ing of the complex with the water included in the torus. To probe the 
possibilities, two model structures were constructed both from an in-
version operation applied to a D-enantiomer triad consisting of the 
two guest molecules and the included water molecule. For model I1, 
the inverted complex was simply placed in the unit cell by a simple 
(1x,1y,1z) translation, and, for model I2, the inverted complex from 
I1 was rotated by 180° by an axis perpendicular to the dimer long 
axis. These models were examined for prohibitively close contacts 
(Fig. 5). The contact distances between the included water molecule 
and the cyclodextrin host dimer are all acceptable. However, in mod-
el I1 (colored blue in the fi gure), the backbone of the guest in the A 
monomer protrudes deeply into the interstitial hydrophobic regions 
between cyclodextrin molecules in the crystal lattice. There are nu-
merous short intermolecular contacts involving water of hydration 
molecules and neighboring β-CD molecules as indicated in the fi g-
ure. Model I2 places the backbones of the two guest molecules in po-
sitions similar to those found in the D-enantiomer complex; again, 
there are unacceptably short intermolecular contacts involving the 
guest molecules and other components of the chiral host lattice (ma-
genta-colored molecules in the fi gure). Although not an exhaustive 
test of the possible orientations and positions of the inverted guest 
molecules in the native β-CD lattice, there is clear indication that the 
chirality of the host lattice and the inverted guest structure are incom-
patible for steric reasons. 
Our expressed goal with this systematic study of intermolecu-
lar interactions in crystal structures of supramolecular complexes 
of amino acid derivatives with β-cyclodextrin is to improve our un-
derstanding of molecular and chiral recognition. To accomplish this 
goal, we are in the process of building a database of structural infor-
mation based on analysis of a binding pocket model presented by the 
crystal lattice of supramolecular βcyclodextrin complexes, especial-
ly those crystallizing with the Im packing motif. Although still rela-
tively small, that database is beginning to reveal many subtle chang-
es in intermolecular interactions that occur in a series of complex-
es in which the host molecule provides a nonconstraining hydropho-
bic environment for guest inclusion and the lattice presents a variety 
of opportunities for hydrogen bonding interactions, many of which 
are mediated by water of hydration molecules. The long term goal is 
to use that database of interactions at the molecular level to calculate 
macroscopic properties, such as differences in enthalpies and binding 
constants when selected complexes are compared. 
This report has focused on an interesting example of chiral rec-
ognition in which one diastereomer, the complex with the N-Ac-D-F 
enantiomer, is very well ordered in crystals at room temperature and 
the other, the complex with N-Ac-L-F, is so highly disordered under 
the same conditions that it is impossible to locate the guest molecule 
in half the host dimer. Cooling a crystal of the latter complex to 20 K, 
that is, reducing the kinetic energy of the system, has permitted the 
location of four “pairs” of guest molecules with different orientations 
and positions in the complex. Comparison of the crystal structures in 
these two systems provides indications that the differences in 
molecular recognition of the two amino acid enantiomers is not de-
termined by any single change in hydrophobic interactions or in hy-
drogen bonding interactions. Rather, it is an accumulation of effects 
that include the presence of a small number of different water of hy-
dration molecules in the crystal structure of the D-enantiomer in the 
supramolecular complex accompanied by subtle changes in hydro-
gen bonding interactions. One of the new water molecules is locat-
ed deeply within the hydrophobic pocket of the inclusion complex. 
It is in a region of the extended nonconstraining torus where the wa-
ter molecule has the potential to anchor one of the guest molecules to 
the extended β-CD torus via hydrogen bonding interactions between 
secondary hydroxyl groups and the associated guest molecule. The 
contact distances to this water molecule indicate that it does not ful-
fi ll this role. Rather, the contact distances indicate that it has become 
an integral part of the guest molecule to which it is hydrogen bonded 
and interacts only weekly with the host. 
Primitive molecular modeling (that places the enantiomer of the 
tri-molecular unit consisting of two N-Ac-D-F molecules and the wa-
Figure 5.   A superposition diagram of the crystal structure of the N-
acetyl-D-phenylalanine complex (guest molecules and included water 
molecule colored gold), the I1 inversion model (colored blue), and the 
I2 inversion-rotation model (colored magenta). Unacceptably short in-
teratomic distances for the two models are indicated, with the atoms 
involved drawn as colored spheres and labels. Water atoms are given 
only numerical labels, β-Cyclodextrin atoms have appropriate C or O 
prefi xes, and guest molecule atoms are given only letter labels.
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ter molecule in the torus that is hydrogen bonded to one of them in 
hydrated β-cyclodextrin lattice) indicates that this construct inter-
feres with the hydrogen bonding in the hydrophilic interface between 
sheets of complexes in the crystal. That is, a hydrogen bonding net-
work analogous to that observed for the diastereomer with the D-en-
antiomer of the phenylalanine derivative is not sterically possible. 
To further develop the database, a temperature dependent study 
of the crystal structure of the N-acetyl-L-phenylalanine methyl ester 
complex would be useful, as would be crystal structures for two com-
plexes with N-acetyl-L-tryptophan derivatives. The database is also 
being expanded to include selected non-amino acid complexes. A 
crystal structure for a p-cresol complex with 3.5:2 guest:host stoichi-
ometry that also crystallizes with the Im packing motif provides an 
interesting snapshot of the hydrophobic effect (J.J.S. and T. I. Dou-
kov, unpublished results). 
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